Abstract: Since the mid-1980's, the Office of Surface Mining (OSM), in cooperation with State and Tribal coal regulatory and reclamation agencies, has employed a series of technical software tools, under the framework of a program known as the Technical Information Processing System (TIPS). The TIPS program also provides state-of-the-art technical workstations to our State and Tribal partners for use and administration of these software tools. Currently, UNIX-based workstations and software are being replaced by new workstations and servers operating Microsoft Windows NT. This has necessitated a re-evaluation of the technical software to bring legacy UNIX and DOSbased applications to an NT-platform standard. In 1999, a team of State and OSM scientists and engineers evaluated off-the-shelf hydrologic software. The functional areas covered by this review are: (1) aquifer test analyses: software used to evaluate aquifer parameters such as hydraulic conductivity, transmissivity, and storativity; (2) ground-water flow and contaminant transport modeling: application of aquifer parameter data and a U. S. Geological Survey-developed modeling code (MODFLOW) to a conceptual model of subsurface flow and transport conditions for evaluations of ground-water flow and contaminant transport; (3) watershed chemistry and storm runoff analysis: software for studying watershed surface-water quality and stonn/runoff characteristics in both small and large watersheds; ( 4) erosion and sedimentation/channel and impoundment design: supplements to the existing core TIPS software SEDCAD and SURVCADD; and (S) water chemistry analysis: hydrochemical software used for statistical and graphical analysis of both baseline and post-mining data. Used together these hydrologic tools in conjunction with other geologic and engineering software form a powerful analytical software toolbox for scientists and engineers conducting permit review and reclamation design as mandated by the Surface Control and Reclamation Act (SMCRA) of 1977.
Introduction
The Office of Surface Mining's (OSM's) Technical Information Processing System (TIPS) Team provides computer hardware and technical software to OSM and State scientists and engineers engaged in both coal mine permit review and reclamation activities mandated by the Surface Mining Control and Reclamation Act of 1977 (SMCRA) . TIPS is in the process of a system-wide modernization of the hardware and software components by replacing existing UNIX, and, in some cases, DOS, operating system software with Windows NT applications. Most hydrology programs used by TIPS are older and are DOS-based. This DOS software included OSM-developed applications: HC-Gram, a hydrochemical plotting program; STORM, a surface-water runoff prediction program; and the Theis Aquifer Analysis Program (TAAP), a pump test analysis program. Older TIPS "off-the-shelf' software included the DOS version of SEDCAD, used for surface-water hydrology design and sedimentation prediction. Because of the growing difficulty in operation of DOS-based software in the modem Microsoft Windows 95/98/NTdominated software environment, these applications, while otherwise functional, have become obsolete. Due to the historic significance of mining impacts on the hydrologic environment, the upgrading of hydrology software is a high priority for TIPS.
To evaluate the next generation of hydrology software, TIPS developed teams of technical specialists from OSM and five states. The goals of the TIPS National Hydrology Software Review Team were: I) to identify and procure hydrology software to be made available to State, Tribal and OSM hydrology specialists, and 2) to support the use of this software through training and technical support. This paper details the software needs of a hydrologist or engineer engaged in mine permit review and reclamation activities, the review process used to select the software, and presents hydrology applications reviewed in the 1999 TIPS effort. Based on the team's reviews, a recommended core group of hydrology software packages will be procured and distributed in 2000 as part of the TIPS 2000 upgrade program.
The TIPS Hydrology Software Review Team has also developed recommendations on a generalized curriculum of software courses to train users of the hydrology software and provide long-term technical support for each software package. OSM maintains three software training centers at our regional offices in Pittsburgh, Pennsylvania; Alton, Illinois; and Denver, Colorado to support TIPS training efforts.
Hydrology Software Needs
The TIPS Hydrologic Applications Review Project Team identified seven categories of hydrology software that was needed to support the mission of coal mine permit review and reclamation activities:
• Ground-water flow and contaminant transport analytical modeling, The listing of a particular software package in this reports does not suggest either general rejection nor endorsement by the authors or the Office of Surface Mining, and is only presented to show the types of software that may be applicable to the TIPS program for permit review and reclamation activities.
Ground-water Flow and Contaminant Transport Modeling
In coal mining the ground-water hydrologist must evaluate the impact of mining on both aquifer water quality and availability. Typical applications could include:
• Analysis of the impact of aquifer dewatering or depressurization due to surface mine pit pumping or dewatering wells,
• Analysis of the impact of aquifer dewatering due to underground mining and planned or un-planned subsidence,
• Prediction of the growth and impact of a contaminant plume from a coal mining facility (e.g., sulfate from a coarse refuse fill), and
• The effect of recharge on abandoned mine pool levels.
Ground-water flow and contaminant transport modeling are generally advanced applications using numeric processing. Considerable knowledge of the local hydrogeology (geologic framework and aquifer parameter data) and skill (knowledge of groundwater hydrology and mathematics) is needed for these types of analyses. Previous TIPS ground-water modeling software included MODFLOW, a modular, finite-difference, flow modeling code developed by the U.S. Geological Survey (McDonald and Harbaugh, 1988) . This program is programed with the aid of DOS-based pre-and post-processors, which can be tedious to operate and prone to input errors. No contaminant transport models have been distributed by TIPS to date.
Aquifer Parameter Estimation and Aquifer Test Analysis
Determination of an aquifer's characteristics (parameters) is imperative to the understanding of ground-water flow. Aquifer test analysis is an analytical approach most commonly used to obtain aquifer parameters such as hydraulic conductivity, transmissivity, storage coefficients, and leakance factors. To obtain this information, pump or slug tests are usually performed on wells and the resulting data analyzed. The baseline information in SMCRA permits may contain the aquifer test data and analysis for potentially impacted aquifer zones. Pre-and postmine ground-water movement, drawdown, and other aspects of ground-water system can then be quantitatively discussed in the probable hydrologic consequences determination (PHC) section of a SMCRA permit application. Once determined, these parameters can then be applied in numeric modeling of ground-water flow in applications, such as MODFLOW. In some cases, aquifer test methods can also be used in place of numeric modeling in ground-water investigations. Typical applications include:
• Evaluation and prediction of aquifer drawdown by a well field,
• Evaluations and prediction of well performance (i.e., efficiency and yield),
• Analyses of boundary effects on aquifers.
• In addition to pump tests and slug tests, stepdrawdown tests have application in estimating aquifer drawdown, due to miningrelated pumping or gravity drainage. The Review Process OSM and the TIPS-participating State representatives formed seven sub-teams to conduct focused and comparative reviews of software in each of these categories; the reviews were coordinated by a core team. During initial meetings, the core team determined that the already distributed Windows 95/88/NT software SEDCAD 4 for Windows and SURVCADD 2000 would serve most of TIPS user needs in both the Erosion and Sedimentation Analysis and the Small Watershed/Storm Runoff Analysis categories. However, additional software would be considered to supplement these programs. Whenever possible, full working versions of several applicable hydrology software programs were obtained. In a number of cases limited-function demonstration versions were evaluated due to funding limitations. Each subteam member used familiar, "real-life" data sets to conduct independent tests for ease-of-use and technical capabilities. Subteams worked independent of the core team to evaluate software options.
Software Analysis
Many of the packages reviewed within a hydrology category were not directly comparable, because they possessed certain unique features that some users would apply more than others, depending on the type of software/computer environment they operated or specialized analysis that were needed due to the local geology and nature of the pollution. For example, engineers familiar with operating in a CAD environment may prefer applying SURVCADD 2000 for a channel design instead of SEDCAD 4 for Windows, which is a user-friendly program for non-CAD users.
Ground-water Flow and Contaminant Transport Modeling
One subteam evaluated several commonly-used Graphical User Interface (GUI) programs that pre-and post-process DOS-based MODFLOW-96, the updated, USGS, threedimensional, ground-water flow model (Harbaugh and McDonald, 1996) , MODPATH, a USGSdeveloped particle tracking program (Pollack, 1994) , and MT3D, a solute transport model developed in part with U.S. Environmental Protection Agency (EPA) funding (Zheng, 1990) . There are various third party sources of the individual modeling programs with value-added improvements. For example, updated MT3D code is available from both, a commercial source, S. S. Papadopulus and Associates, Bethesda, MD ( MT3D" ) or as U.S. Army COE-supported freeware from the University of Alabama (MT3DMS). These three DOS-based. modeling programs are programed using the GUI interface instead of the tedious, DOS-based, pre-and postprocessors previously used. (Voss, 1984) was also examined due to its specialized application and freeware status. Factors considered in the evaluation of ground-water flow models are: the ability of support the pre-and post-processing of the USGS code in a user-friendly manner, the support of model calibration, and the ability to post-processing visualization. All of the software packages evaluated are capable of processing ground-water flow, particle tracking and contaminant transport codes.
The TIPS evaluation concentrated on the software's documentation, technical support, multiplemodel comparison capabilities, GUI user-friendliness, calibration tools, compatibility with standard input and output data formats, and its visualization and presentation capabilities. The * .dxf file format, a common CAD format, is supported by all of the reviewed ground-water modeling programs for use in base map drawing.
Groundwater Vistas. Groundwater Vistas version 1.15 is a model-independent graphical design system for MODFLOW, MODPATH and MT3D. Groundwater Vistas couples an model design interface with graphical analysis tools to construct a model of a system (Figure 1 ), calibrate the model and evaluate the output ( validation). Both cross-section and plan views of model results can be displayed simultaneously. Groundwater Vistas also supports viewing the input information and output models from multiple model runs simultaneously, which speeds the calibration process and enables the ability to cut and paste information between models. To further aid the calibration process an automated sensitivity analysis capability is included that tests the model's response to varying parameters such as hydraulic conductivity or unit thickness. PEST, a model-independent parameter estimator (Watermark Computing, Corinda, Australia), is optionally supported by Groundwater Vistas. Voss et al., 1997) . SUTRA was developed to model density dependant fluids ( e.g., petroleum contaminants), as well as, thermal pollution. Such types of fluid flow are rarely, if ever, encountered in coal mine permitting situations. The Argus ONE GIS can also be used to provide data entry for MODFLOW-96, through another PIE, the USGS freeware interface MODFLOW GUI The capabilities desired for watershed analysis include: (1) calculation ofrain-fall runoff from large watersheds; (2) input of pollution discharge nodes using GIS files; and (3) calculation of flow quantity and parameter concentrations at any point within the stream system. Because the subteam has not identified software that fully supports this goal the large watershed software review is continuing.
GMS. Version

SMS
The current version 6.0 of SMS is distributed by EMS-l(Provo, UT). SMS is a surface water, stream flow model that interfaces directly with TIPS's GIS software ARC/INFO and Arc/View. Add-on modules include a sediment transport model and a mass balance mixing model for conservative and non-conservative pollutants. This model would be ideal for the hydrologist to evaluate surface-water quality impacts in a CHIA. Results from the TIPS software SEDCAD 4 for Windows plus mine discharge chemistry predictions could be routed (projected) downstream using this program. The SMS program does not fully meet the TIPS upgrade program goal, because the water chemistry module currently only runs in the DOS mode. Stream nodes can be set up using a GIS file, but the flow and concentration values must be entered into a file in a separate DOS program. This approach is not practical given the number of discharges evaluated in many coal mine CHIA's. SMS, however, does have advanced channel calculation hydraulics capabilities. (Hem, 1989) .
AquaChem
AquaChem version 3.7 is a comprehensive program for geochemical analysis, plotting and modeling. Because of a complex interface, AquaChem can be difficult to apply by a new user. The program is capable of importing generic ASCII data files. Graphic output is high quality, but can be difficult to customize ( Figure  3) .
AquaChem performs simple mixing calculations and can format data files for interfacing with PHREEQC, a USGS-developed, DOS-based geochemical model (Parkhurst, 1995 (Carlton et al., 1997) . PHREEQCI is a freeware program is similar to the PHREEQC interface included in AquaChem. Geochemical transport simulations can be graphed using another companion, USGS program PHRQGRF (Vrabel and Glynn, 1998) . PHRQGRF is a Windows 95 program. 
Conclusion
This paper and the TIPS National Hydrology Software Review is not intended to be completely comprehensive in terms of examining all of the software programs available internationally that are suitable for mining-related hydrologic investigations. Nor is it intended to endorse or criticize any particular hydrology software. However, the review discussed in this paper included many commonly used software programs and it is hoped this paper will illustrate the types of software applicable to coal mining and reclamation tasks and to illustrate an approach taken to develop evaluation criteria and consider the merits of a large assortment of software for selection to serve the needs of hydrologists and engineers nationally. The widespread availability of the software programs selected should ultimately lead to improved coal mine reclamation and surface and ground-water quality.
